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Introduction
The global mean surface temperature is being used as the 
primary metric for climate change. However, most of 
temperature-related studies deal with individual levels (e.g. 
surface, standard levels such as 850, 700, 500 millibar). 
In this study, we use a Geographic Information System 
(GIS) approach to define and characterize regions that have 
experienced high or low temperature trends and variability 
over the USA (1979 – 2008).
We derive four temperature variables from the 1000mb -
700mb atmospheric layer (lower 3000 meters) and we 
combine them to develop a Temperature Change Index 
(TCI) that we use to map and characterize regions that have 
experienced large or small temperature change and 
variability (hot spots and cold spots, respectively). 
Methods
? Data: monthly mean temperature from the North 
American Regional Reanalysis (Mesinger et al, 2006).
? Derive the mean temperature of the 1000mb to 700mb 
thickness from the hypsometric equation:
∆z = z1, z2 = (R/g) ln (P1/P2)T (1)
where z1 and z2 represent heights (z2>z1); R is the gas 
constant of dry air; g the gravitational acceleration; P1 and 
P2 the pressure surfaces.
? In mountainous regions determined from a DEM, values 
are computed for the 850-700mb layer (1500-3000 meters).
Results
? Interpolated grids of the four variables that were used 
as input for the TCI index
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Figure 2. Weighted overlay 
analysis for building the 
Temperature Change Index 
(TCI). Four variables are used to 
calculate the index. The method 
generates a new grid with the 
scores scaled from 9 to 1, 
reclassified into 3 classes 
indicating regions of high (from 9 
to 7), medium (6 to 4) and low 
scores (3 to 1). 
? To characterize each class, spatial queries (Select By 
Location) and the Zonal Statistics method (ArcGIS) were used 
to generate tables for statistical analysis and plots. 
?Land cover types over hot spots and cold spots and estimates 
of their respective areas were obtained from the National land 
Cover Database (NLCD) using GIS methods (Figure 3).
? Temperature trends and variability over the continental 
USA, based on TCI scores
The highest scores (Figure 5a) are found in the upper Midwest 
and, to a lesser extent, in the Northeast. 
The lowest TCI scores are found over the Rockies, 
along the Mexican border and in the southeast, especially in 
Florida. 
Figure 5. a) Temperature Change Index (TCI) over the United States (1979 –
2005). Scores are calculated using GIS overlay methods and ranked from hottest 
(9) to coldest (1); b) Decadal temperature anomalies (units in ºC), spatially 
averaged (cosine-weighted) over hot spots and cold spots
Over hotspots, temperatures (Figure 5b) exhibit an increasing 
trend and marked interannual fluctuations.
Cold spots are characterized by a weaker temperature 
trend and lower variability
?Main land cover types relative to hotspots and cold spots
? Characteristics of hot spots and cold spots
? Seasonal patterns of TCI
The Midwestern hot spot is maintained throughout the year with 
peak scores in winter (DJF). The winter Midwestern hot spot 
(Figure 8a) extends to the south over the central plains and to the 
northeast. 
During the summer season (JJA, Figure 8b), a seasonal 
hot spot extends over California. The upper Midwest and the 
northeast form an area of modest TCI scores. Cold spots are 
found over the southeast and southern Rocky Mountains.
Figure 8. Top panel: seasonal patterns of TCI for winter (DJF) and summer (JJA) during 
the 1979-2008 period. Bottom panel: the contributing variables to the TCI (reclassified in 
9 classes, unitless). T: temperature; LR: lapse rate; St.Dev: standard deviation.
Figure 9. Anomaly trends at seasonal time scale averaged over hot spots and cold 
spots (1979 – 2008), and their associated 95% confidence intervals. a) 1000 - 700mb 
layer-averaged temperature; b) 1000 - 700mb lapse rate.
For all seasons, temperature trends in hot spots are larger and 
significantly different from the ones in cold spots in the 
exception of the spring season (Figure 9a). The largest 
temperature increases occur in winter.
Lapse rate trends (Figure 9b) show a more pronounced 
contrast between hot spots and cold spots and between the 
different seasons.
Conclusions
The contributing variables used in this analysis do not 
completely explain the TCI index. Other factors such as 
circulation patterns, volcanic influences, ozone concentrations 
and land surface properties do play an important role. 
However a method based on the use of thickness layers 
provides a more complete analysis than methods based on 
monolevel data, since depth-average temperature and lapse rate 
depend on changes in atmospheric circulation and the amount of 
moisture in the atmosphere. 
Overall, over the past 30 years, the upper Midwest has 
been a prominent temperature hot spot, in contrast with the 
western and southeastern cold spots. Agricultural lands have 
been the most exposed type to temperature increase and 
variability.
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Figure 3. Steps of the GIS analysis 
for extracting land cover types over 
hot spots and cold spots. Italicized 
items refer to the tool used at each 
step. Hot spot and cold spot areas 
were selected and used as masks to 
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Figure 4. Variables that were used to derive the TCI index: a) layer-averaged 
temperature anomaly trends (decadal); b) standard deviation of temperature 
anomalies; c) lapse rate anomaly trends (decadal); d) standard deviation of lapse 
rate anomalies. All variables are derived from the 1000mb – 700mb atmospheric 




Figure 6. Summary histogram of grid point values for hot spots and cold spots (1979-
2008): a) 1000 - 700mb layer-averaged temperature anomaly trends (ºC / decade); 
b) Standard deviation (ºC ). Hot spots are associated with the largest temperature 
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Table 1. TCI scores for continental 
US states. Summary statistics were 
computed from grid points falling 
into each state using the ArcGIS 
‘Zonal Statistics” method. Count: 
number of grid points; Area: 
expressed as a percentage relative 
to the total area of the continental 
United States; Mean: the average 
TCI score over the state; St.Dev: 
the standard deviation for the 
samples over each state; Min: the 
minimum score over the state; Max: 
the maximum score; Majority: 
determines the TCI value that 
occurs most often in the state.
STATE COUNT AREA (%) MEAN ST.DEV MIN MAX MAJORITY
Alabama 1332 1.71 5.35 0.55 4 6 5
Arizona 2941 3.78 4.42 0.57 3 6 4
Arkansas 1373 1.76 6.00 0.00 6 6 6
California 4089 5.26 5.05 0.58 4 7 5
Colorado 2696 3.47 4.64 0.87 3 7 4
Connecticut 131 0.17 6.00 0.00 6 6 6
Delaware 54 0.07 6.00 0.00 6 6 6
Florida 1446 1.86 3.59 0.51 3 5 4
Georgia 1518 1.95 4.82 0.51 4 6 5
Idaho 2159 2.78 4.25 0.49 3 5 4
Illinois 1461 1.88 6.93 0.26 6 7 7
Indiana 942 1.21 6.91 0.28 6 7 7
Iowa 1465 1.88 7.00 0.00 7 7 7
Kansas 2131 2.74 6.33 0.49 5 7 6
Kentucky 1047 1.35 6.09 0.28 6 7 6
Louisiana 1195 1.54 5.27 0.68 4 6 5
Maine 826 1.06 6.01 0.11 6 7 6
Maryland 250 0.32 6.00 0.00 6 6 6
Massachusetts 211 0.27 6.06 0.23 6 7 6
Michigan 1501 1.93 7.24 0.55 6 9 7
Minnesota 2196 2.82 7.50 0.50 7 9 7
Mississippi 1242 1.60 5.46 0.56 4 6 6
Missouri 1805 2.32 6.46 0.50 6 7 6
Montana 3811 4.90 5.27 0.86 3 7 6
Nebraska 2008 2.58 6.80 0.40 5 8 7
Nevada 2869 3.69 4.49 0.50 4 6 4
New Hampshire 241 0.31 6.51 0.50 6 7 7
New Jersey 195 0.25 6.00 0.00 6 6 6
New Mexico 3153 4.05 4.65 0.53 4 6 5
New York 1257 1.62 6.82 0.39 6 7 7
North Carolina 1265 1.63 5.09 0.45 4 6 5
North Dakota 1832 2.35 7.06 0.26 6 8 7
Ohio 1067 1.37 6.14 0.35 6 7 6
Oklahoma 1808 2.32 5.96 0.19 5 6 6
Oregon 2514 3.23 4.53 0.53 4 6 4
Pennsylvania 1177 1.51 6.33 0.47 6 7 6
Rhode Island 26 0.03 6.00 0.00 6 6 6
South Carolina 801 1.03 4.64 0.48 4 5 5
South Dakota 2001 2.57 6.82 0.45 5 8 7
Tennessee 1090 1.40 5.88 0.32 5 6 6
Texas 6841 8.79 5.24 0.60 4 6 5
Utah 2194 2.82 4.38 0.70 3 7 4
Vermont 248 0.32 6.69 0.46 6 7 7
Virginia 1037 1.33 5.95 0.23 5 6 6
Washington 1740 2.24 4.83 0.66 4 6 5
West Virginia 628 0.81 6.00 0.00 6 6 6
Wisconsin 1450 1.86 7.21 0.41 7 8 7




































Figure 7. TCI scores averaged over NLCD land cover types that did not change from 1992 
to 2001. For this analysis, the scores were computed using variables that span the same 
period as the land cover dataset. Error bars denote the 95% confidence interval for the 
mean. The largest score occurs in agricultural lands.
Table 2. Main NLCDa land cover types relative to hot spots and cold spots. Areas are 
expressed as the number of grid cells (count) for each land cover type. The percentage 
is relative to the total land cover area in hot spots and cold spots, respectively. 
Agricultural lands are the most exposed to high temperature trends and variability
aNational Land Cover Dataset. 
? TCI scores averaged over land cover types




















































Figure 1. Left: regions below and over 1500 meters determined from a DEM. Right: steps 
of the GIS analysis for combining values of the 1000mb-700mb and 850mb-700mb layers. 
Italicized items refer to the GIS method used at each step. 
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